Above-bandgap optical illumination induces a transformation from tilted tetragonal-like (Tlike) and rhombohedral-like (R-like) phases to an untilted T-like phase in compressively strained 
on the order of 1% [15] [16] [17] [18] [19] . One mechanism of the expansion arises from screening of surface and interfacial bound charges by excited charge carriers, changing the internal electric field and generating electromechanical distortion [19, 20] . Studies of the electrically driven BFO phase transformation indicate that the optically excited expansion would be sufficiently large to induce the transformation to the T-like phase [14] .
Here we report a rapid reversible transformation between phases in compressively strained BFO induced by ultrafast optical excitation. Time-resolved x-ray microdiffraction shows that the optically induced lattice expansion and the transformation both reach their maxima within 1 ns after excitation. Scanning x-ray microdiffraction and full-field x-ray microscopy show that the transformation occurs in regions with boundaries between the T-like phase and the tilted T-like and tilted R-like phases. These observations suggest a mechanism in which the T-like phase grows into regions of coexisting populations of the tilted T-like and tilted R-like phases. Temperaturedependent diffraction shows that the structural changes during the optically induced transition are distinct from those at high temperature.
Time-resolved x-ray microdiffraction experiments were conducted at station 7ID-C of the Advanced Photon Source using the arrangement in Fig. 1(a) . X-rays with a photon energy of 11 keV and 100 ps pulse duration were focused to a 400 nm full-width-at-half-maximum (FWHM) probe spot. The optical pump consisted of 50-fs-duration pulses with 1 kHz repetition rate and 400 nm wavelength, above the BFO bandgap on LAO [21] [22] [23] . A complementary full-field x-ray diffraction microscopy employed beamline ID-01 of the European Synchrotron Radiation Facility [24] . Further experimental details are given in the Supplementary Materials. The 70 nm-thick BFO thin film was grown on an La0.7Sr0.3MnO3 (LSMO) bottom electrode on LAO by pulsed laser deposition [12] . The epitaxial mismatch of -4.5% between BFO and LAO leads to the formation of the T-like phase. The stored elastic energy of the film is reduced by forming regions of stripes of alternating tilted T-like and tilted R-like phases with widths of approximately 50 nm [4, 8, 25, 26] . 1(c). The tilted R-like phase also exhibits four pairs of reflections, as in Fig. 1(d) . The eight intensity maxima of the tilted T-like and tilted R-like phases indicate that there are eight domains of each tilted phase, as previously observed [12, 27, 28] . The reflections in Figs. 1(c) and (d) are numbered in order to discuss them precisely. In the striped microstructure, the tilted T-like reflections (1) and (4) are paired with the tilted R-like reflections (5) and (8), respectively [29] [30] [31] .
The present study focuses on these reflections.
Optical excitation leads to an expansion of the T-like phase, as in Fig. 1(e) , in which the 002 T-like phase reflection measured using x-ray microdiffraction is shifted to a lower Qz at 1 ns after optical excitation at an incident fluence of 10.7 mJ/cm 2 . At this fluence, the lattice expansion has a magnitude of 0.16% and is accompanied by an 8% increase in the integrated intensity.
Changes in the volume of the film occupied by each phase were measured using the changes in the intensities of corresponding x-ray reflections. The phase populations were determined from the measured intensities through a calculation accounting for the different scattering factors of the Tlike and R-like phases (see Supplemental Materials). The T-like, tilted T-like, and tilted R-like phases occupy 75%, with 15% and 10% of the film, respectively. These populations match atomic force microscopy studies of BFO films on LAO with similar thicknesses [4] . The integrated intensities of the tilted T-like and tilted R-like phase reflections decreased by 28% and 7%, thickness, which occurs in tens of ps [17] . Similarly, heat diffusion does not account for the slow risetime because the thermal diffusion length (D·t) 1/2 , where D=1.2×10 -4 m 2 /s is the thermal diffusivity of BFO, is 350 nm at t=1 ns, which is far greater than the 70 nm BFO thickness. We conclude that long-timescale strain increase arises from effects other than acoustic propagation and thermal diffusion, and that it in principle has a component due to the motion of phase boundaries.
The integrated intensity of the T-like phase reflection, shown in Fig. 2(b) , increases continuously up to t=1 ns. The intensities of the tilted T-like (4) and tilted R-like (8) reflections decrease after optical excitation and reach minima at t=1 ns. The tilted T-like and tilted R-like phase population variation thus precisely matches the change in the T-like phase population. At t=1 ns, the population of the T-like phase increases to 81%, and gradually returns to 76% at t=12
ns. The populations of the tilted T-like and tilted R-like phases decrease to 10% and 9% at t=1 ns, respectively, matching the net change of 6% in the T-like phase population at that time.
The magnitude of the T-like phase lattice expansion increases at higher fluence, reaching 0.45%
at t=1 ns at 20 mJ/cm 2 , as in Fig. 3(a) . The intensity of the T-like phase simultaneously increases, as in Fig. 3 (b). There is a corresponding decrease in the integrated intensities of the tilted T-like and tilted R-like phase reflections, also shown in Fig. 3 (b). The variation of the intensities of the BFO x-ray reflections is consistent with a continuous shift of the energetic balance between the competing phases rather than a transformation at a critical value of the strain. A similar continuous transformation with increasing electric field is observed in electric-field-driven transformations [14] .
A variable-temperature laboratory x-ray diffraction study was conducted to evaluate the differences between optical excitation and heating. As shown in Fig indicates that intensity reduction in the T-like phase reflection at elevated temperatures does not originate from the phase transformation [32] . Similarly, the intensities of the tilted T-like and tilted R-like phases are not consistent with a transformation between phases below 130 ºC. The change in integrated intensity of the tilted R-like phase reflection is negligible during heating to 130 ºC.
The tilted T-like phase reflection intensity increases by 10% at 70 ºC and drops to its roomtemperature value at 130 ºC.
The high temperature behavior is also distinct from the optical induced transformation. From 140 ºC to 200 ºC, the intensities of the tilted T-like and tilted R-like phase reflections decrease and the intensity of the T-like phase reflection increases, matching literature reports of the thermal population variations [25, 26] . A key difference between optical and thermal effects, however, is that the high-temperature phase transformation occurs in a regime in which the lattice parameter of the T-like phase decreases, opposite to the optically excited observation. Similarly, the initial increase in lattice parameter of the T-like phase during heating is accompanied by an increase in the T-like phase intensity, rather than the significant decrease during optically induced expansion.
The striped pattern where the tilted T-like and tilted R-like phases are mixed is embedded in a larger field of the T-like phase [31] . X-ray microscopy confirms this coexistence and give insight into the transformation mechanism. The simultaneous and proportional changes in the intensities of x-ray reflections of spatially coexisting tilted phases suggests a transformation mechanism in which the tilted phases are simultaneously transformed to the T-like phase. In this mechanism, optically induced lattice expansion lowers the free energy of the T-like phase relative to the R-like phase [14] , making the mixture of the tilted T-like and tilted R-like phases unfavorable. In the schematic of this mechanism in Fig. 4(e) , the boundary between the T-like phase and the tilted T-like and tilted Rlike phase stripes moves into the tilted phases. The stripe-like patterns become narrower as the transformation proceeds. The shrinking of stripe-like patterns has been observed during the disappearance of the tilted R-like and tilted T-like phases during heating [25] .
The domain model illustrated in Fig. 4 (e) differs from some proposed models of the electrically driven R-like to T-like transformation. The electrically driven transformation has been interpreted in terms of a sequential model, involving first a transition between the tilted R-like phase and tilted T-like phases, followed by a subsequent transformation to the T-like phase [30] . Shaded areas indicate regions with large T-like lattice parameter and small changes in the T-like phase population.
Experimental Details
X-ray microdiffraction experiments at the Advanced Photon Source employed Fresnel zone plate x-ray focusing optics. Diffracted x-ray photons were detected using a pixel-array detector (Pilatus 100K, Dectris Ltd.).
Full-field imaging experiments at the European Synchrotron Radiation Facility employed 8 keV photon energy and a 50-element Be compound refractive lens objective. Images were recorded using a charge-coupled device (Zyla 5.5 sCMOS, Andor, Inc.) placed at 3 m from the sample, yielding a 250 nm effective pixel size. The resolution along the beam direction was increased to 650 nm due to the x-ray projection angle.
Phase distribution of T-like phase and tilted T-like and R-like phases in multi-phase BFO on LAO
The population of structural phases in thin BFO film on LAO was measured by constructing x-ray reciprocal space maps using the nanofocused synchrotron x-ray beam. The map was constructed from x-ray diffraction patterns obtained at x-ray incident angles ranging from 13º to 17º. Figure S1 The intensity distributions on the Qx-Qy planes are integrated along Qx or Qy so that the line profiles of the intensity of four tilted phase reflections are obtained, as shown in Fig. S1(d) . The intensities from the tails of the T-like BFO phase reflection and truncation rod were then subtracted.
The T-like BFO phase reflection provides 74% of total diffracted intensity of the region probed by nanofocused x-ray beam. The tilted T-like phase reflections and tilted R-like phase reflections provide 14% and 12% of the total diffracted intensity.
The structure factor of T-like phase at 11 keV of x-ray energy is smaller than the structure factor of the R-like phase by 8.0%, based on the atomic positions given in Ref. [S1-3] . Therefore, the diffracted intensity of T-like phase reflection is a factor of 1.17 weaker than that of R-like phase reflection when a number of unit cells of T-like phase and R-like phase are the same. In this calculation, the structure of R-like phase is assumed to be the same with the structure of rhombohedral BFO. In addition, we assume that the structure factors of T-like phase and tilted Tlike phase are the same. With these assumptions, the initial populations of T-like, tilted T-like and tilted R-like phases within the probed region are 75%, 15%, and 10%, respectively. The total area fraction of 25% of the tilted T-like and R-like phases matches a previous report [S4] . 
Spatial distribution of tilted BFO phases
The spatial distribution of the tilted structural phases was measured by mapping a 100 × 100 The region indicated by black arrows in the maps in Fig. S2 was investigated to measure the spatial variation of optically induced structural changes, as shown in Fig. 5 of the text.
Intensity profiles of two tilted R-like and two tilted T-like phase reflections along the line indicated by the black arrow in Fig. S2 are shown in Figs. S2(e) and (f). The weak diffracted intensities of the tilted phase reflections in the shaded region from 0 µm to 10 µm indicates that the population of the tilted-phases is small within that area. In addition, the T-like phase in that region has a large lattice parameter, as in Fig. 5(a) of the text, indicating that the substrate-imposed clamping is well retained. There are negligible changes in the integrated intensity of the T-like phase reflection within this region following optical excitation because of the low population of the optically transformable tilted-phases.
Optical fluence definition
The results here are reported in terms of incident optical fluence, which we define as
FIn=PIn/(A•f)
where FIn is the incident fluence, PIn is the incident optical power, A is the area at the FWHM of the optical power on the sample surface, and f is the optical pulse repetition frequency.
Other fluence definitions, for example the absorbed fluence, are inappropriate for the present experiments because the T-like and R-like phases have different absorption lengths for 400 nm wavelength light: 76 nm and 32 nm, respectively [S7,S8] .
